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ABSTRACT
PREPARATION AND CHARACTERISATION OF LITHIUM ARGYRODITE ELECTROLYTES.
RechargeableAll SolidstateLithiumLi Ion Batteries(AS-LIBs) areattractivepowersourcesfor electrochemical
applications,duetotheirpotentialityin improvingsafetyandstabilityoverconventionalbatterieswith liquid
electrolytes.AS-LiBs requireaLi FastIon Conductor(FIC) asthesolidelectrolyte.Finding a solidelectrolyte
withhighionicconductivityandcompatibilitywithotherbatterycomponentsiskeytobuildinghighperformance
AS-LiBs. Therehavebeennumerousstudiese.g.on lithiumrichsulfideglassesassolidelectrolytes.However,
thelimitedcurrentdensityremainsa majorobstaclein developingcompetitivebatteriesbasedon theknown
solidelectrolytes.HereweprepareargyroditetypeLilSsX (X =CI andBr) usingmechanicalmilling followed
by annealing.XRD characterizationrevealstheformationandgrowthof Li6PSSX crystalsin samplesunder
varyingannealingconditions.For Li6PSsCIanionic conductivityofthe orderof 10-3S.cm·1is reachedatroom
temperature,which is closeto theLi mobilityin conventionaliquidelectrolytes(LiPF 6 in variouscarbonates)
andwell suitableforAS-LiBs.
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ABSTRAK
PREPARASI DAN KARAKTERISASI ELEKTROLIT LITHIUM ARGYRODITE.Bateraisiulang
All SolidstateLithiumLi Ion Batteries(AS-LIBs) adalahsumberdayayangmenarikuntukaplikasielektrokimia
karenapotensinyauntukmeningkatkankeselamatandanstabilitasdibandingbateraibiasadenganelektrolitcairo
AS-LIBs memerlukanLi Fast Ion Conductor(FIC) sebagaielektrolitpadat.Upaya mendapatkanelektrolit
padatdengankonduktivitasionik dankompatibilitasyangbaikdengankomponenbaterailainnyamerupakan
kunci untukmembangunkinerjatinggiAS-LIBs. Dalamhal ini telahadabeberapapenelitian,sepertigelas
sulfidakayalithiumsebagaielektrolitpadat.Tetapi,keterbatasanrapatarusmasihmenjadihambatanutama
dalampengembanganbateraiberbasiseletrolitpadatyangkompetitif.Padapenelitianini dikembangkanLilSsX
(X =CI danBr)jenis argyroditemenggunakanmillingmekanikdiikutidenganannealing.Karakterisasidengan
XRD menunjukkanpembentukandan pertumbuhankristal Li6PSSX dalamsampelpadaberbagaikondisi
annealing.KonduktivitasionikuntukLi6PSsCIdalamorde10-3S.cm-1tercapaipadasuhukamar,yangmendekati
mobilitasLi dalamelektrolitcairbiasa(LiPF 6 dalamvariasikarbonat)dansangatcocokuntukAS-LIBs.
Kata kunci :Argyrodite,Elektrolit padat,Konduktifitasionik, Valensiikatan
INTRODUCTION
Rechargeable All Solid state Lithium or Li Ion
Batteries (AS-LIBs) are attractive power sources
for applications like smart credit cards and medical
implants. They need a Li Fast Ion Conductor (FIe) as
the solid electrolyte. The purpose is to improve safety
and stability over conventional batteries with
liquid electrolyte. Finding a solid electrolyte with
high ionic conductivity is the key to building
practical solid-state batteries. There have been
numerous developments on materials such as lithium
rich sulfide glassesassolid electrolyte.However, limited
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current density remains a major obstacle in these
electrolyte systems.
Argyrodites form a class of chalcogenide
structures related to the mineral AgSGeS6, which
includes various fast Ag+or Cu+ion conductors such as
AlSsX (A= Ag+,Cu+)[1]. Synthesizetheanaloguecubic
Li+argyrodyteswith formula LilSsX (X =CI, Br and I)
and LilS6 [2]. 7Li-NMR relaxation and impedance
experimentsfmd anintrinsic local lithium mobility ofthe
Li argyrodite crystalsas high as 10-2- 10-3S.cm-Iat room
temperatureclose to the mobility in liquid electrolytes
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comprisingofLiPF6 saltinvariouscarbonates.Withsuch
highlithiummobilities,thesematerialsmaybeidealfor
useassolidelectrolytesin lithiumionbatteries.Herewe
preparetheargyrodite-typeLilSsX (X =Cl, Br) using
mechanicalmillingfollowedbyannealingofthesamples.
X-Ray Diffractometry (XRD), Scanning Electron
Microscope(SEM) andimpedancemeasurementsof the
samplesarereportedhere.
Ion transportstudiesfor the silver andcopper
thiophosphatescanbe basedon thedetailedavailable
anharmonicstructurerefinements,no comparably
detailedstudiesare so far availablefor the Lithium
compoundsdueto thelow scatteringpowerof Li and
phasetransitionspreventinglow-temperaturesingle
crystalstudies.Thereforewe analyzetheion transport
pathwaysin theLi6PSSX (X= Cl andBr) phasesusing
optimizedempiricalforcefieldsincombinationwiththe
bond valenceanalysisof energylandscapesfor the
mobileLi+.
EXPERIMENTAL METHOD
LilSsX (X=Cl andBr) sampleswerepreparedby
highenergymechanicalmillingusingAgate(45mL pot
and15numberof 10mm" ball)potandballs;Li2S, P2Ss
andLiX (X=Cl andBr) crystallinepowderswereusedas
startingmaterials.Thesamplesweregroundfor24hours
or80hoursfollowedbyannealingat550°C for5hours.
Sampleswerepressedinto 10mmdiameterpelletsof
about1.5mmthickfor annealingthesamples.All the
procedurewasdoneunderAr atmosphere.
The annealedsampleswere characterizedby
X-ray powder diffractometryusing Cu Ka radiation
(PANalyticalX'Pert PRO) equippedwith a fastlinear
detector(X2 Celerator).XRD datawerecollectedin the
2eorange8-100°withanominalscanrateof 120sstep'I
andastepsizeof 0.016°atroomtemperature.Rietveld
refinementsof XRD powderpatternswereperformed
withtheGeneralizedStructureAnalysisSystem(GSAS)
andalongwiththegraphicaluserinterfaceEXGUI [3,4].
Structuredata from published single crystal
X-Ray datameasurements[2].The structureswerethus
refinedbasedonthesamesetof49refinableparameters
12backgroundvariablesof shiftedChebyshevfunction,
7profilevariables,I cellparameter,24refinableatomic
coordinates, 3 atomic displacement parameters,
I preferentialorientationparameterand an overall
scalefactor.
Ionic conductivitymeasurementsof ball milled
andfinalsamplesatdifferenttemperatureswerecarried
out by impedance spectroscopy (Schlumberger
SolartronSIl260) inthefrequencyrangeofl Hz to lMHz.
Stainlesssteelplateswereusedas electrodes.At each
temperaturethe sampleswere kept for 20 minutes
for thermal equilibration. The bulk resistance Rb
wasdeterminedfromfittingimpedancedatatoNyquist
plots.The equivalentcircuit consistsof Cb,~ anda
Warburgelement.
THEORY
BondValenceApproach
EmpiricalrelationshipsbetweenbondlengthR
andbondvalences arewidelyusedincrystalchemistry
to identifyplausibleequilibriumsitesfor anatomin a
structureassiteswheretheBV sumoftheatommatches
itsoxidationstate.
SLl_X =exp[(Ro; R)] (1)
A systematicadjustmentof BV parametersb to
the bond softness, togetherwith the inclusion of
interactionsbeyondthefirst coordinationshellpermits
moreadequateestimatesof nonequilibriumsitebond
valences.The modelingof pathwaysfor mobileLi+as
regionsoflow siteenergyE(Li) (oroflow bondvalence
summismatchIIIV(Li)i) hasbeendemonstratedto be a
simpleandreliablewayof identifyingtransportpathways
in localstructuremodels,providedthatthelocalstructure
modelcapturestheessentialstructuralfeatures.While
bondvalencesSLi.O =exp[(I\ - ~i.O) / b)andhencethe
BV summismatchillVI aremostlyexpressedinarbitrary
valenceunits",theymay- aswe haveshownrecently-
[5-11] also be linked to an absoluteenergyscale
by expressing the bond valence as a Morse type
interactionenergy:
Here,srel equalss/smin andsminrepresentshevalue
of thebondvalencefor theequilibriumdistanceRmin,
whichis estimatedfromthebondvalenceparameterRo
andtypicalcoordinationnumberNC of thecation(for
detailssee[9]).Pathwaysfor Li+canthenbemodelled
as regionsin the structure,wherethe Li site energy
definedas:
remainssufficientlylow.While theattractiveCoulomb
interactionsare integratedinto the Morse interaction,
repulsivecation-cationinteractionsofLi+ionswithother
cationtypesA havetobeconsideredseparately,asthey
alsoaffecttheLi siteenergy.Regionsof low E(Li) are
thenconsideredas regionsthata mobileLi+canreach
withanactivationenergyrelatedtothevalueof E(Li). It
is assumedthatdc conductionrequirescontinuous
pathwaysthatspantheunitcell inatleastonedirection.
Thesepathwaysare visualizedas regionsenclosedby
isosurfacesof constantE(Li) basedon a grid of E(Li)
valueswitha resolution<0.1A coveringtheunitcell.
The threshold value of E(Li) for which the E(Li)
isosurfaces form a continuous migration pathway
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Figure 3. Nyquist plots of Li6PS,Br at various
temperatures
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Figure 2. SEM image of ball milled and final
crystalline Li6PS,Br
Figure4 comparesLi+ionmigrationpathwaysin
theLilSsX argyroditestructureswith X=Cl, Sr andI.
Roughly speaking, the three-dimensionalpathway
networkfor longrange(de)ionconductioninallLilSsX
phasesconsist of interconnectedlow-energy local
pathwaycages.In detailhoweverthesecagesandthe
way in which theyare interconnecteddiffers for the
compoundswith differenthalideions. In thestructure
ofLilSsCI structure(l.h.s.columninFigure4)thesites
of lowestenergyagreewiththeexperimentallyrefined
half-occupiedLi 1 positions.The lowestenergyshort
range pathwaythen interconnects3 such partially
occupiedLi sitesvia3interstitialsitesformingapathway
hexagon(EA= 0.18 eV). 4 such hexagonsare then
interconnectedataslightlyhigherenergythresholdvia
a secondinterstitialsiteto forman extendedpathway
cagearoundtheCI position(EA=0.22eV) andthe3D
longrangepathwaynetworkis finally establishedby a
directconnectioninbetweenthecages(EA=0.35eV).
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RESULTS AND DISCUSSION
(thatincludesbothoccupiedandvacantLi sites),permits
a roughestimateof theactivationenergyfor theLi+ion
transport process. As such an approach neglects
relaxation,the assessmentof the activationenergyis
basedon anempiricalcorrelationobservedfor a wide
rangeof Lithiumion conductors.
~
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Figure J. Rietveld refinementof crystalline Li6PS,Br
TheXRD patternsof ballmilledsampleshowed
partialcrystallinitywithpeaksbelongingtotheLi2S, P2Ss
andLiBr orLiCI phases.While forthesamplesthathave
beenball-milledfor 24 hours,peaksof variousphases
arestill ratherprominent,peaksof mostphasesexcept
Li2S becomeverybroadafter80hours.After annealing
bothsamplesyieldtherespectiveargyroditephaseswith
comparablecrystallinity.Thus preparationtime for
argyroditescouldbedrasticallyreducedwhencompared
totheoriginalsynthesisrecipe[2],wherethepreparation
takes7 days.
Figure1showstheRietveldfittothefmalLilSsBr
system.ThefinalsamplesofLilSsCI andLilSsBr exhibit
thehighsymmetryaristotypeofthe argyroditestructure
in space group F-43m (see Figure 1). The lattice
parametersofLi6PSsCIandLi6PSsBrare9.8509(4)A and
9.9805(8)A respectively.These values are in good
agreementwith the reportedvalues. Both samples
showedminorsecondaryphaseof LiX hydrates.
SEM images of both samples showed the
formationof about100nmnanocrystalsasshownin
Figure2 for LilSsBr. SEM of theball milledsample
before annealing showed the partially crystalline
natureof thecompound.Ionic conductivityof theball
milledsamplesweredeterminedusingNyquistplotsas
showninFigure3 forLilSsBr atvarioustemperatures.
Temperature dependent ionic conductivity of
both samplesshowedArrhenius nature.Ball milled
Li6PSsCI and Li6PSsBr samples have shown ionic
conductivity5.9x 10-6S.cm-Iand7.8x 10-6S.cm-Iwith
activationenergies0.71and0.65eV respectively.The
ionicconductivitiesof final crystallinecompoundsare
1.9x 10-3S.cm-I and6.8x 10-3S.cm·]respectively.Low
temperatureionicconductivitystudiesto determinethe
activationenergyof thecrystallinecompoundsare in
progressin our laboratory.
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Figure 4. Li+ migration pathwaysof Li6PSSX (X = CI, Sr and I; left to right) for different energythresholdscharacterising
equilibriumsites(I" row), first local Li+paths(2nd roW),extendedlocal Li+pathwaycages(3'" row), and pathwaysfor long range
Li+ migration.Note that pathwaysare different in detail (cf. text).• ,+Li , .P, .S, .CI,Sr.,!•.
For thecaseof Li6PSsIhowever,experimental
studies suggesta more disordered Li distribution
describedin [2]byLi I -Li2-Li I tripletsites.In ourbond
valencemodel the sitesof lowestE(Li) accordingly
implyadisorderedLi distributionovertheLi I sitesonly.
The lowest energy interconnection betweensites
thenincludestheLi2 sitein betweenpairsof Li 1 sites
(0.09eV), buttheLi2 positionappearsnottobea local
minimumofE(Li), whichisalsoinlinewiththedifference
Fourierplotshowninref[12]. ExperimentalNMR data
find anevenloweractivationenergyof 0.043eV for
unspecifiedlocal hops[2]. Six of thesedumbbell-like
local pathways(which correspondto the intercage
pathwaysin Li6PSsI)thenforma pathwaycagearound
theS2site(notasin thepreviouscasearoundthehalide
ion)withEA=0.15eV.Thecagesarefmallyinterconnected
via an interstitialsite for EA= 0.33 eV in remarkable
agreementwiththeexperimentalvalue0.32eV fromlow
temperatureimpedancespectroscopyand0.30eV from
MD simulations.MD simulationsalsosuggest0.14eV
foralocalisedmotion[12].
The characteristicsof Li+pathwaysin Li6PSsBr
appeartomixfeaturesof pathwaysin theX=CIandX=I
cases.Again,thereis acleardisorderoverLi 1sites(The
experimentalstructuredeterminationagainsuggestsa
Li I-Li2-Li I triplet).The lowestenergylocalpathway
interconnectingthesesites is a hexagonof 3 Li 1 and
threeinterstitialsitesasinLi6PSsCI(EA =0.15eV). The
localpathwaycageformsasinLilSsl aroundtheS2site
(thesite is effectivelyoccupiedby 84% S / 16% Br
accordingto [12]) for EA = 0.25 eV, but only at a
minutelylowerenergythanfor thelongrangepathways
(EA=0.27eV), whichmaybethoughtofasacombination
of cages around S2 and around the halide site
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(whichagainis occupiedby a mixtureof Br andS). It
shouldalsobekeptinmindthatthebondvalencemodel
of Li6PS5Br maybe lessaccurate,as it is basedon the
experimentalstructuredeterminationofacrystalthathad
a slightlylowerBr contentanda disorderof S andBr
overtheS2/Br2andBr3/S3sites.
It might be noteworthythatanalogousoxide
argyroditesLi6P05X (X = CI andBr) havealso been
reportedrecently[13].Due to thedifferentpositionof
oxideion O2 in thesefromtheS2 positionin Li6PS5X,
pathwaycagesandlongrangepathwaysfoundfor the
oxide argyrodites differ fundamentally. From the
significantlyhigheractivationenergiesfoundin bond
valencemodelsforlocal(0.4eV) andlongrangepathways
(0.57eV) inLi6POsCI,andtheabsenceof interstitialsites
in thesepathwaysit canbe understoodwhy theoxide
analogues show an orders..of magnitude lower
conductivity(- 10-9 S.cm·1 at ambienttemperature,
experimentalctivationenergy0.66eV).
CONCLUSION
Li6PSSX (X=CIandBr) argyroditestructureswere
preparedby mechanicalmilling followedby annealing
of thesamples.This allows for a fastersynthesisthan
the earlier reported long annealing. The obtained
crystallinephaseshowedionicconductivityoftheorder
of I0-3S.cm-Iatambientemperature.Bondvalencebased
Li+ion migrationpathwaysfor bothcompoundsyield
pathwayswithsimilarlylowactivationenergiesfor long
rangetransport(ca. 0.3 eV), despitethe pronounced
differencesinthepathwaytopologyfor differenthalide
ions.It couldbeclarifiedthattheevenloweractivation
energiesreportedfromNMR studiesrefertohopswithin
extendedlocal pathwaycagesthat are not directly
relevantfor thedc conductivity.Due to thehigh ionic
conductivityof the compoundsat room temperature,
thesecompoundsareof high technologicalinterestas
one of thebestsolid electrolytesfor high energyall
solid statebatteryapplications.
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